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Abstract

Efforts are being pursued to develop and qualify a system-level model of a reactor core isolation
(RCIC) steam-turbine-driven pump. The model is being developed with the intent of employing
it to inform the design of experimental configurations for full-scale RCIC testing. The model is
expected to be especially valuable in sizing equipment needed in the testing. An additional intent
is to use the model in understanding more fully how RCIC apparently managed to operate far
removed from its design envelope in the Fukushima Daiichi Unit 2 accident.

RCIC modeling is proceeding along two avenues that are expected to complement each other
well. The first avenue is the continued development of the system-level RCIC model that will
serve in simulating a full reactor system or full experimental configuration of which a RCIC
system is part. The model reasonably represents a RCIC system today, especially given design
operating conditions, but lacks specifics that are likely important in representing the off-design
conditions a RCIC system might experience in an emergency situation such as a loss of all
electrical power. A known specific lacking in the system model, for example, is the efficiency at
which a flashing slug of water (as opposed to a concentrated jet of steam) could propel the
rotating drive wheel of a RCIC turbine. To address this specific, the second avenue is being
pursued wherein computational fluid dynamics (CFD) analyses of such a jet are being carried
out. The results of the CFD analyses will thus complement and inform the system modeling. The
system modeling will, in turn, complement the CFD analysis by providing the system
information needed to impose appropriate boundary conditions on the CFD simulations. The
system model will be used to inform the selection of configurations and equipment best suitable
of supporting planned RCIC experimental testing.
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Preliminary investigations with the RCIC model indicate that liquid water ingestion by the
turbine decreases the developed turbine torque; the RCIC speed then slows, and thus the pump
flow rate to the RPV decreases. Subsequently, RPV water level decreases due to continued
boiling and the liquid fraction flowing to the RCIC decreases, thereby accelerating the RCIC and
refilling the RPV. The feedback cycle then repeats itself and/or reaches a quasi-steady
equilibrium condition. In other words, the water carry-over is limited by cyclic RCIC
performance degradation, and hence the system becomes self-regulating. The indications
achieved to date with the system model are more qualitative than quantitative. The avenues being
pursued to increase the fidelity of the model are expected to add quantitative realism. The end
product will be generic in the sense that the RCIC model will be incorporable within the larger
reactor coolant system model of any nuclear power plant or experimental configuration.
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1 INTRODUCTION

This section provides the motivation for Sandia National Laboratories’ (SNL) efforts to assist the
world-wide commercial nuclear power community in characterizing the behavior of the reactor
core isolation cooling (RCIC) system under beyond design basis operations. Also, this section
provides background information, the analytical models used for this work, and discussion of the
data needs and additional precursors to the modeling efforts.

1.1 Purpose and Motivation

The Fukushima accident demonstrated both the challenges associated with severe accident
management, and the importance of understanding the behavior of critical equipment under
beyond design basis conditions. The purpose of this project is to improve reactor safety for
emergency and severe accident management by understanding real-world performance of critical
components (i.e., experimental testing and analytical modeling will allow for RCIC to be more
accurately characterized under beyond design basis (station blackout-like and extended loss of
AC power) conditions). The current use of conservative assumptions regarding equipment
functioning as found in probabilistic risk assessment (PRA) applications limits the anticipated
prevention and mitigation options considered for emergency operation procedures (EOPs) and
severe accident management guidelines (SAMGs). This work is part of an overall project (Terry
Turbine Expanded Performance Operations Test Program) that would experimentally test and
analytically verify the RCIC steam-driven turbine pump performance under beyond design basis
(BDB) conditions. This project would be jointly funded through support from the U.S.
Department of Energy’s Office of Nuclear Energy (DOE-NE), U.S. nuclear industry, and
international stakeholders.

The overall goal of the project is to understand the real-world behavior of RCIC operation under
BDB conditions in order to advance our predictive fidelity and applicability in emergency and
severe accident prevention and mitigation. Accurate characterization of the RCIC system could
have fleet-wide impacts in how EOPs and SAMGs will be implemented (e.g., knowing a RCIC
pump will last longer than an hour or two after DC power is lost will allow operators to consider
other options for plant recovery or accident mitigation). Further, investigation of severe accident
performance may also provide insights into means to improve severe accident performance.

The purpose of this research is to develop a dynamic and mechanistic system-level model of the
RCIC turbine/pump system capable of predicting the system performance under BDB conditions
that include two-phase water ingestion into the Terry turbine at various potential reactor
operating pressures, and to characterize its ability (or not) to maintain adequate water injection
with sufficient pump head under degraded operating conditions. This model will also
demonstrate the self-regulating mode of operation as was observed in the Fukushima Daiichi
Unit 2 accident, where RCIC ran uncontrolled and successfully maintained reactor water
inventory for nearly three days. The following sections describe aspects of two-phase flow
anticipated to be important in the turbine nozzles and solid wheel turbine buckets, computational
tools such as CFD that will support system-level modeling of the RCIC system, and a provisional
MELCOR implementation of impulse turbine dynamic models into the MELCOR code to be
used in analysis of RCIC operation in beyond design basis conditions.



This work is the first step towards developing a thermodynamically-based analytical model of
the steam-driven RCIC system operation with mechanistic accounting of liquid water carryover
and pump performance degradation, to be used in codes like MELCOR or MAAP. These insights
will provide the basis for experimental design to operate a RCIC pump under extended
uncontrolled operating conditions. The full-scale RCIC experiments will support an improved
understanding of plant risk, improve plant operations, and provide the technical basis for
improving the reliability of an essential plant system as shown in the three main categories below!:

1. Regulatory/Risk: Test data can reduce plant operational risk and improve regulatory
compliance
e Improved incident response timing and prediction of RCIC performance to determine
staffing needed to implement beyond design basis mitigation activities

e Improved response to regulatory changes associated with post Fukushima Lessons
Learned

e A better prediction of the core damage frequency reduction associated with
implementation of beyond design basis mitigation activities

2. System Improvement: Improve system reliability; operation of an essential system needed
to mitigate/prevent risk dominate accidents
¢ Identifies RCIC enhancements and changes in maintenance practices to meet Fukushima
Lessons Learned

e Provides performance data on refurbished hardware (including [&C)

e Provides for system performance conditions for station blackout (SBO)-like conditions to
allow for proper quantification of needed system margins

3. Plant Operations: Improves operations during an beyond design basis (BDB) event to
mitigate the accident under a wide range of plant conditions

e Identifies optimal approaches to operate RCIC during a long term station blackout and
loss of heat sink

e Provides data to support identification of RCIC performance conditions could complicate
or challenge FLEX implementation

e Identification of proper handoff conditions from RCIC to FLEX

1.2 Background

I Letter from BWROG to DOE-NE Federal Programs Manager Richard A. Reister, BWROG-14066, November 21, 2014.



Prior to the accidents at Fukushima Daiichi, modeling of the performance of key critical
components such as the RCIC steam-driven turbine pump and safety relief valves (SRVs) are
based mostly on design basis conditions. Their performance under severe accident conditions is
poorly known and largely based on conservative assumptions used in PRA applications. For
example, common PRA practice holds that battery power (DC) is required for RCIC operation to
control the boiling water reactor (BWR) vessel water level, and that loss of DC power results in
RCIC flooding of the steam lines. The flooding of the steam lines is assumed to lead to a
subsequent failure of the RCIC system due to two-phase water ingestion into the turbine-side of
the pump. This assumption for accident analysis implies that RCIC operation should terminate
on battery depletion which can range from between 4 hours and 12 hours [1.1]. In contrast, real-
world observation from Fukushima Unit 2 shows that RCIC function was affected but not
terminated by uncontrolled steam line flooding, and in fact provided coolant injection for three
days [1.2].

Similar issues and uncertainties exist for pressurized water reactors (PWRs) as well with the use
of the turbine-driven auxiliary feedwater (TDAFW) system to feed steam generators (i.e., the
same steam-driven turbine pump is used for RCIC and AFW systems).

Use of conservative assumptions regarding equipment functioning as found in PRA applications
may limit the anticipated mitigation options considered for emergency operations and severe
accident management procedures. Improvements to reactor safety can be realized for severe
accident management if real-world performance of critical components such as the RCIC steam-
driven turbine pump can be more faithfully characterized. Improved understanding of this critical
component can be realized through a combination of advanced modeling methods such as
embodied in the DOE/Industry sponsored CASL project and through large scale testing.

The purpose of this research is to develop a dynamic and mechanistic system-level model of the
RCIC turbine/pump system capable of predicting the system performance under beyond design
basis conditions that include two-phase water ingestion into the Terry turbine at various potential
reactor operating pressures, and to characterize its ability (or not) to maintain adequate water
injection with sufficient pump head under degraded operating conditions. This model will also
demonstrate the self-regulating mode of operation as was observed in the Fukushima Daiichi
Unit 2 accident, where RCIC ran uncontrolled and successfully maintained reactor water
inventory for nearly three days. The following sections describe aspects of two-phase flow
anticipated to important in the turbine nozzles and solid wheel turbine buckets, computational
tools such as CFD that will support system-level modeling of the RCIC system, and a provisional
MELCOR implementation of impulse turbine dynamic models into the MELCOR code to be
used in analysis of RCIC operation in beyond design basis conditions.

1.3 Analytic Tools

Several analytical tools are being applied to investigate RCIC behavior for severe accidents. The
tools include reactor system modeling codes such as MELCOR and RELAP, in addition to
computational fluid dynamic (CFD) codes such as FLUENT and SolidWorks Flow. The primary
goal is a mechanistic, system-level model that permits fast execution of long transient
simulations (i.e. several hours to days for severe accidents). This will enable simulation



capabilities for Fukushima forensic analyses, the development of technically-defensible
SAMG/FLEX strategies, and design analysis of potential upcoming RCIC experiments. The
intent of using several codes, both system-level and CFD, is to inform and enhance the system-
level modeling efforts using focused CFD analyses of key components, particularly where
lumped-parameter methods and simple hand calculations have limited capability. An example is
CFD analysis of the steam nozzles that drive the RCIC turbine.

The computer codes being applied in the RCIC modeling are briefly described in the following
subsections.

1.3.1 MELCOR

MELCOR is a fully integrated, engineering-level computer code that models the progression of
severe accidents in light-water reactor nuclear power plants [1.3]. MELCOR is being developed
at SNL for the U.S. Nuclear Regulatory Commission (USNRC) as a second-generation plant risk
assessment tool, and the successor to the Source Term Code package. A broad spectrum of
severe accident phenomena in both BWRs and PWRs is treated in MELCOR in a unified
framework. These include thermal-hydraulic response in the reactor coolant system, reactor
cavity, containment, and confinement buildings; core heat-up, degradation, and relocation; core-
concrete attack; hydrogen production, transport, and combustion; fission product release and
transport behavior. MELCOR applications include estimation of severe accident source terms,
and their sensitivities and uncertainties in a variety of applications. Design basis accidents in
advanced plant designs (e.g., the Westinghouse AP-1000 design and the GE Hitachi Nuclear
Energy ESBWR design) have been analyzed with MELCOR.

Current applications of MELCOR include the USNRC sponsored State-of-the-Art Reactor
Consequence Analyses (SOARCA) [1.1], and the U.S. Department of Energy (DOE) sponsored
Fukushima Daiichi accident analyses [1.2].

1.3.2 RELAPS5-3D

RELAP5-3D? is a system-level two-phase thermal hydraulic code used in transient analyses of
nuclear power plant systems. RELAP5-3D has been developed by Idaho National Laboratory
(INL) for the DOE’s Office of Nuclear Energy (DOE-NE) to simulate BWR and PWR thermal
hydraulic responses during nominal and off-nominal operation.

1.3.3 SolidWorks

SolidWorks [1.5] is a commercially available computer aided drafting (CAD) and analysis
software package. SolidWorks is a product of Dassault Systemes SolidWorks Corp. It is being
used to generate 3D CAD models of key RCIC components, such as the Terry turbine wheel,
buckets, nozzles, and turbine casing. CAD models are essential for proper conceptualization of
system-level models. For example, they provide insights into the configuration of buckets and
nozzles (e.g. number of buckets and nozzles, nozzle-bucket angle) that can fit on a turbine wheel

2 In this document, RELAP5-3D is simply referred to as “RELAP.”



of a given size-these quantities are ‘model parameters’ that are required inputs for the system-
level MELCOR and RELAP models. The CAD models are also integral to the CFD analyses of
RCIC using SolidWorks Flow and Fluent.

1.3.4 Fluent

FLUENT [1.6] is a commercially available CFD code that is currently developed and distributed
by ANSYS, Inc. FLUENT is used to investigate key components of the RCIC system, such as
the nozzles of the Terry turbine.

1.4 Modeling Needs

As part of this work, SNL determined what information was currently available for modeling,
what additional information would be needed, and initial failure modes for the RCIC system.
From this, the following post-Fukushima questions and inspections were determined:

Questions for TEPCO:
e Had the original mechanical turbine governors been replaced on the Fukushima Daiichi
Units 2 and 3 RCIC systems?
e Where are the Fukushima Daiichi Unit 2 and 3 torus RCIC turbine exhaust and pump
suction locations?

Post-accident inspections:
e Does the Unit 2 RCIC over-speed mechanism show to have engaged?
e  What is the status of the D/P strainer indicator?
e  What is the status of the D/P strainer indicator?
e Does a vibration sensor exist?
o Ifso, what is its indication?

SNL realizes that post-accident inspections will not be available for years due to the location of
the RCIC pump room. Both rooms are currently buried under debris and are highly
contaminated.

Additional information identified as needed for further modeling includes:

e RCIC system elevations and where it taps off the main steam piping
o Isometric Drawings for one or two BWR/PWR plants

e RCIC turbine exhaust and pump suction locations for multiple BWR plants
o PWR plants exhaust the turbine to the environment

e Detailed lube oil system drawing/water cooling of turbine-pump bearings
o Identify which plants in the U.S. use RCIC/AFW pumps with a lube oil system
o Identify which plants in the U.S. use RCIC/AFW pumps with an integral water
cooling system



SNL theorizes various potential failure modes for the RCIC pump. The component failure
modes were broken into three and the following scenarios were developed:

1. Turbine-side failure scenarios
e Manual Speed Control — over-speed trip
e FElectrical control with manual over-speed trip
o Look for cyclic drivers in steam supply
e Failure / lack of steam drains / rotor damage
e Metal fatigue failure of the rotor
e Start/stop of rotor with coast down

2. Pump-side failure scenarios
e (Cavitation damage
o Time vs NPSH
o Flow fall off with cavitation damage
e Plugging of inlet strainer
e If a multi-stage pump, inter-stage seal failure

3. Lube Oil system failure scenarios
e Bearing failure
e Lube oil failure due to water ingress

While this list is not exhaustive, it does provide a first-order look into the development of an
experimental testing plan for expanding the operational band for Terry turbines. As an example,
Appendix A provides additional discussions and hand calculations on cavitation damage which is
deemed likely for each pump-side failure.

Additionally, recent work at Texas A&M University (TAMU) through the sponsorship of the
USNRC and a DOE Nuclear Energy University Programs initiative indicates potential pump-side
failure due to cavitation. Experimental tests at TAMU indicated thermal stratification occurring
within the wetwell [1.7]. TAMU initial experimental results would indicate the entire thermal
capacity of the wetwell is not being used during prolonged RCIC operations and could cause
higher than expected water temperatures (e.g., at or near saturation temperature) at the suction of
the RCIC pump.

1.5 Document Outline

The primary thrust of this report is the documentation of a mechanistic, system-level model that
is amenable to coupling with existing transient codes like MELCOR and RELAP. Section 2
describes the development and testing of governing equations for a RCIC (Terry) turbine. CFD
analyses of the Terry turbine are provided in Section 3, which provide some novel findings on
the operation of the Terry nozzles. Key results from the CFD calculations are integrated into
expanded system-level models presented in Section 4. Improved RCIC pump models via
homologous curves are also implemented for the analyses in Section 4. Finally, Section 5
provides a summary of the work and recommended future efforts.
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2 SYSTEM-LEVEL MODEL DEVELOPMENT

Derivation of a novel RCIC model is described here for use in system-level codes such as
MELCOR and RELAP. Modern thermal-hydraulic codes (including MELCOR and RELAP) do
not have internal models dedicated to simulating the RCIC system in a mechanistic fashion’.
This is mainly due to the unique Terry turbine used in the RCIC system. Therefore, the RCIC
model development in this section concentrates on the Terry turbine more so than the pump. Test
calculations are used to gauge the utility of the Terry turbine equations, and these test
calculations implement simplified treatments of the RCIC pump. However, the ultimate intent is
to couple the Terry turbine governing equations to more comprehensive plant models that use
higher-fidelity pump treatments, such as homologous pump curves. Such efforts are described
later in Section 4.

A mechanistic model is required for predictability of RCIC behavior in the context of supporting
future FLEX/SAMG strategies for severe accidents. This entails the consideration of the
dynamic forces imparted to the Terry turbine in order to predict how the system operates outside
its design envelope. The Terry turbine operates on an impulse principal where high velocity jets
of steam impinge onto rotating buckets imparting momentum to the turbine wheel. Analysis of
this type of turbine, akin to a water wheel, amounts to applying Newton’s Laws for a rotational
system where the forces on the turbine include impulses from water and steam, friction losses
(windage), shock losses in the buckets, and torque from the pump shaft. The control volume
formulation of angular momentum conservation is used to derive an equation of motion that is
being implemented via control functions in MELCOR. The control volume approach readily
lends itself to integration with MELCOR or other system codes, and allows for easy
identification of model parameters that require derivation through other means such as CFD and
experimental measurements. Alternatively, these parameters may simply be used as tuning
variables through benchmarking against operating data (e.g., Fukushima data and RCIC startup
test data).

A necessary literature review of Terry turbine design is first presented in Section 2.1. The
development of a novel and mechanistic RCIC model is discussed in Section 2.2. Test
calculations of the Fukushima Daiichi Unit 2 accident sequence are presented in Section 2.3 that
show promising initial results.

21 Terry Turbine Literature Review

An overview of Terry turbine design is presented here to provide context for the modeling
approach. Thorough review of more system-oriented RCIC aspects can be found in other sources
[2.1][2.2]. For this work it is sufficient to note that RCIC is a steam-turbine-driven pump that
provides makeup water to the reactor pressure vessel (RPV) following core isolation events. The

3 The term ‘mechanistic’ is used here and throughout the report literally, i.e. in the sense that the actual working
mechanisms of Terry/RCIC turbine are considered by the system-level model. For instance, given that RCIC uses
a Terry impulse turbine, RCIC models actually calculate the momentum of the fluid jets exiting the nozzles in
order to calculate the torque developed by the turbine. The term mechanistic is not used here to signify the use of
very high fidelity methods. Instead, it conveys the fact that simplified (lumped-parameter) but mechanistic models
are being used to facilitate the simulation of long transients of large systems.



turbine consumes steam delivered from the RPV via relatively small piping tapped off a main
steam line (MSL), and drives a pump by means of a common shaft. The pump takes suction from
the condensate storage tank (CST) or the wetwell (WW) of the containment. The turbine
discharges steam to the wetwell.

2.1.1 Reaction vs. Impulse Turbine

The Terry turbine is a small, single-stage, compound-velocity impulse turbine [2.3] originally
designed and manufactured by the Terry Steam Turbine Company purchased by Ingersoll-Rand
in 1974. Terry turbines are currently marketed by Dresser-Rand. Terry turbines were principally
designed for waste-steam applications with the following key attributes [2.3]-[2.7]:

1. The turbine and casing are not pressurized out of necessity: it may be at low or even
atmospheric pressure;

2. Rapid startup (less than 60 s) is of primary importance;

3. Reliability, resilience under off-nominal conditions®, and low maintenance are of primary
importance;

4. Efficiency is of secondary importance.

The features listed above are quite opposite those of large, multi-stage, high-pressure, high
efficiency turbines (for electrical power generation) that are typically considered in thermal-
hydraulic codes. For example, RELAP has a turbine component model. Such turbines are
generally described as ‘reaction turbines’ since their operation is strongly dictated by steam
expanding through long blades that comprise the various stages of the turbine. The blades form
flow channels that act as nozzles. The reaction turbine is effectively comprised of many rotating
nozzles, and several stages of the reaction turbine may be at elevated pressure out of necessity.
Despite the reaction and impulse monikers, turbines often differ more by degree than by type,
since many large turbines incorporate both reaction and impulse stages [2.3]. The Terry turbine
is a unique exception to this rule: Technical literature always describes it as a single-stage, ‘pure-
impulse’ machine, where the steam has completely expanded before it enters the turbine [2.3]-
[2.9]. Figure 2.1 illustrates the difference between a reaction force and an impulse force.

4 Tt is known that Terry turbines can ingest and work through liquid slugs. However, depending on the (automatic)
operation of the governor valve, there is a potential for turbine overspeed. The ingress of liquid slows the turbine,
which causes the governor valve to open excessively in an attempt to compensate. Upon clearing of the liquid
slug, steam flow through the wide-open governor can transfer too much momentum to the turbine, thereby causing
it to overspeed [2.5]. For a severe accident scenario like Fukushima unit 2, the functioning of the governor valve
after loss of power can be uncertain, depending on the design of the valve and the circumstances of the accident.
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Figure 2.1. Reaction vs. impulse forces [2.4]

In Figure 2.1, the orifice that ejects fluid on the block to the right is equivalent to a stationary
nozzle in a turbine. The Terry nozzles are detached from the turbine and stationary, much like
how the left reservoir with the orifice is detached from the target block on the right (so they
move independently). Hence, there is no reaction force on the Terry turbine; reaction forces on
the nozzles, which are attached to the casing, also have no direct influence on the turbine. The
reaction and impulse force are obviously related since both are manifestations of fluid
accelerating through an orifice, and for some turbine applications the close differentiation of the
two might be splitting hairs. Nevertheless, the pure-impulse function of the Terry turbine calls
for a focused examination on the evolution of momentum from the nozzle and through the
turbine during transient conditions (e.g., variable nozzle inlet pressure, two-phase composition,
and turbine speed). The unique and simple design of the Terry turbine was probably necessary to
satisfy the requirements for its intended applications (i.e. fast start up, reliable, low maintenance,
etc.). It is rather commonsense that existing codes like MELCOR and RELAP have no existing
physics capability to faithfully represent the Terry turbine, given its unique nature. This
substantiates the need for a novel Terry turbine model.

2.1.2 Terry Turbine Overview

The Terry turbine is essentially a solid cylindrical wheel with several machined semi-circular
‘buckets’ that are shaped into the body of the wheel. All Terry RCIC applications in the US use a
“G turbine frame size” [2.5] that denotes a 24 inch (0.61 m) diameter turbine wheel. Fixed
nozzles and reversing chambers surround the wheel inside the turbine casing. Figure 2.2
illustrates the geometry and flow path of steam through the nozzle, turbine buckets, and
reversing chambers. The small buckets of the Terry turbine bear little resemblance to the long
blades used in multi-stage reaction turbines. Therefore, an effective reaction force cannot
develop in such small buckets, even if the turbine was at high pressure and the steam had not
fully expanded through the nozzles.
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Steam enters the semi-circular buckets after expanding through five to ten nozzles that are fixed
around the wheel; steam flow direction is reversed 180° in the buckets. The nozzles are separated
by at least three buckets to make room for reversing chambers that also surround the wheel.
Since the steam is completely expanded after exiting the nozzles, which are fixed and detached
from the turbine wheel, the expansion process itself imparts no energy on the turbine [2.6]-[2.8].
For this reason, the pressure drop and the enthalpy change over the RCIC turbine are essentially
zero, especially if no phase change occurs after steam enters the turbine. This is in direct contrast
to the operation of a reaction turbine where steam expands in the turbine blades, and the blades
themselves act as nozzles. Hence, the typical formulas and relationships for multi-stage reaction
turbines are not valid for mechanistic analyses of RCIC turbines. Being a pure impulse turbine,
RCIC principally operates on the exchange of momentum and kinetic energy. Turbine motion is
induced by means of steam acceleration in the buckets after it has been totally expanded through
the nozzles.

The compound-velocity feature of the Terry design refers to the fixed reversing chambers that
redirect ejected steam back into the buckets several times. The intent is to capture as much of the
steam’s kinetic energy as possible—steam is typically reversed three to five times at lower turbine
speeds before it is finally ejected through small flow channels in the reversing chambers [2.5]-
[2.7]. As shown in Figure 2.2, the reversing chambers are slightly angled to direct the steam
forward (in the direction that the turbine spins) into the downstream buckets.

The fixed reversing chambers in Terry turbines are a proven design feature for lower turbine
speeds (typically less than 1300 rpm [2.6]), but there is evidence that suggests the reversing
chambers are of secondary importance for the higher speeds that RCIC operates [2.6][2.7]. An
EPRI maintenance manual for RCIC states that the influence of the reversing chambers is
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